Abstract
INTRODUCTION
Mortality related to arterial switch operations (ASO) for dtransposition of great arteries has declined significantly over time since it was first performed [1] [2] [3] [4] [5] . Refinements in patient selection, the timing of the procedure, a better understanding of the pathophysiology and improvement in surgical methods have contributed towards this change. Use of circulatory arrest, optimal haematocrit on cardiopulmonary bypass time (CPB), lowest temperature on CPB (T min) and use of colloids during CPB are some of the components of care with wide practice variation in ASO that has been called into question. Some groups have moved away from deep hypothermic circulatory arrest towards full flow on CPB with the intention to improve outcomes [6] .
Positive pressure ventilation is known to elicit local as well as systemic inflammatory response leading to effects ranging from ventilator-associated lung injury to remote organ damage [7, 8] . Heterogeneity in the distribution of alveolar tidal strain can be exaggerated in post-CPB patients as evidenced by ventilationperfusion (V/Q) mismatch. This can lead to hyperinflation of some alveoli relative to others even when ventilated with lower tidal volumes. Excessive tidal strain can act synergistically with circulating endotoxins in post-CPB patients, to trigger an inflammatory response and lung injury leading to additional morbidity [8] . Exact morbidity load related to postoperative positive pressure ventilator support after congenital cardiac surgery is unknown.
As operating room (OR) management evolved over time, immediate extubation (IE) after open heart surgery has been proved to be safe in adult and paediatric populations. At our institution IE has evolved into our practice as a goal for all cardiac cases including neonates. Data derived from a heterogeneous neonatal cohort at our institution had shown IE to be associated with shorter intensive care unit (ICU) length of stay (LOS) and lower postoperative ICU costs [9] . The purpose of the present study was to identify specific preoperative, anatomical and intraoperative factors associated with IE in a homogenous cohort of patients who underwent repair for d-transposition of great arteries.
MATERIALS AND METHODS
This was a single-centre retrospective study. The institutional review board approved the protocol, and a requirement for informed consent was waived. Clinical records of all neonates who underwent ASO from 1 January 2010 to 30 June 2015 were reviewed. IE was defined as successful extubation in the OR. Patients who had other medical conditions that precluded them from being considered for IE were excluded from the analysis. Details of postoperative costs in the ICU for individual patients were obtained from the institutional billing department. The time from the end of surgery to the time anaesthesia and nursing personnel were relieved from the patient's care as documented in the anaesthesia and nursing records, whichever was the longest was obtained as the surrogate for OR turnover time.
Preoperative variables considered were age, weight, gestational age (GA), post-conceptual age and the need for mechanical ventilation and prostaglandin E-1 infusion. Intraoperative variables considered were CPB time, cross-clamp (XC) time, T min, inotrope score at the termination of the anaesthetic, anaesthesia finish time (7:00 am-07:00 pm vs 07:00 pm-07:00 am), and pO 2 / FiO 2 ratio as well as lactate level after chest closure. Anatomical variables considered were (i) presence of a ventricular septal defect (VSD), and (ii) coronary artery anatomy. Inotrope score was calculated by the formula: Inotrope score = Dosage (mcg/kg/min) of Dopamine + Epinephrine Â 100 + Milrinone Â 10.
Surgical methods
All operations were performed through a median sternotomy. The pulmonary arteries were extensively dissected to the lobar branches and mobilized. After initiation of CPB, the ductus arteriosus was ligated and divided. The aortic cross-clamp was applied, and right atrium was opened. A vent was placed in the left ventricle through the atrial septal defect or the right upper pulmonary vein. The great arteries were transected in a manner that allowed direct re-anastomosis of the distal aortic segment to the proximal main pulmonary artery (neoaorta) and the distal pulmonary artery to the neopulmonary root via a Lecompte maneuver. Transfer of the coronary arteries to the neoaortic root was facilitated by their excision from the aortic sinus with a button of the adjacent aortic wall and optimal mobilization. In the vast majority, the buttons were implanted to medially based cshaped flaps. Trap door flap incision was used for single coronaries. The aorta was re-anastomosed incorporating a root vent. The left ventricular vent was removed followed by closure of atrial septal defect. The left heart was de-aired into the aortic root vent, followed by removal of the aortic cross-clamp. The pulmonary reconstruction was performed with a pantaloonshaped patch of acellular xenograft matrix material. The atrial incision was closed and patient separated from CPB.
Aortic arch reconstruction
This procedure is described in detail elsewhere [10] . In brief, aortic arch reconstruction procedures were performed with uninterrupted mildly hypothermic CPB, by cannulating both the innominate artery and the descending aorta.
Anaesthetic care
In general, anaesthetics were sevoflurane based, supplemented with intravenous agents. Every attempt was made to prevent pulmonary over-circulation during the prebypass period. Anaesthesia was continued on CPB with isoflurane. Pancuronium, cisatracurium or rocuronium was used as a relaxant. Most patients who had IE had an opioid titrated in after closure of the sternotomy for postoperative analgesia. Postoperative pain was managed with morphine or fentanyl supplemented with dexmedetomidine infusion. No regional technique was employed. Postoperative haemodynamics was controlled with dopamine, epinephrine, milrinone or sodium nitroprusside infusions connected to the central line before extubation, irrespective of their need at the time.
The decision to extubate was clinically driven, and made by the anaesthesiologist in consultation with the surgeon based on haemodynamic stability, haemostasis and general lung function after sternotomy closure. After administration of the reversal agents, the respiratory effort was carefully monitored. Possible inaccuracy in registering low spontaneous tidal volumes and the significant resistance offered by endotracheal tube were taken into account while considering spontaneous tidal volumes recorded by the anaesthesia machine before extubation. All attempts were made to keep the neonates warm in the perioperative period.
CPB technique
All patients received two doses of 10 mg/kg methylprednisolone sodium succinate each at 6 h before surgery and on CPB initiation. The CPB circuit consisted of a Terumo FX05 oxygenator (Terumo CV, Ann Arbor, MI, USA), 1/8"Â3/16" AV loop and 3/16" boot tubing with Terumo Xcoating. Myocardial preservation was accomplished using Del Nido cardioplegia at 1:4 blood to crystalloid ratio and the Terumo Capiox V R cardioplegia system. The prime consisted of Plasmalyte A (Baxter Deerfield, IL, USA), 15 meq NaHCO 3 , 120 ml washed red blood cells, 75 ml 25% albumin, 25 mg CaCl 2 , and 100 mg/kg tranexamic acid. The prime was concentrated to a volume of 155 ml using the Terumo HCO5S hemofilter. Flow was targeted to 3.0 l/min/m 2 and a perfusion pressure of 35 mmHg at mild hypothermia. Haematocrit was maintained above 25% with packed red blood cells given as needed. Zero balance ultrafiltration was used throughout the procedure with replacement fluid of 2/3 buffered normal saline (30 mEq NaHCO 3 /l added) and 1/3 0.45% buffered saline. All patients received modified ultrafiltration at the termination of CPB.
Procedures involving aortic arch were performed with uninterrupted mildly hypothermic CPB, by cannulating both the innominate artery and the descending aorta, separately. Perfusion pressures were monitored with one arterial line in the right upper extremity and a second arterial line at the umbilical, femoral, dorsalis pedis or posterior tibial location for all procedures involving dual cannulation of the aorta.
Statistical analysis
Univariate or bivariate analysis of preoperative, intraoperative and anatomical variables was used to determine associations with IE. Data were analysed by Fisher's exact test and Wilcoxon rank sum tests. Commercially available statistical software (PC SAS version 9.4, Cary, NC, USA) was used. Correlations and unadjusted odds ratios along with descriptive methods were also used to express associations. Classification and regression tree model was used to determine the cut-off points for CPB time, XC time and T min.
RESULTS
Of 34 patients who underwent repair for d-transposition of great arteries during the period, 1 had tracheoesophageal fistula, and another had choanal atresia. Since these patients were never considered for IE due to reasons related to the non-cardiac medical condition, they were excluded from analysis. The remaining 32 patients (age at operation 6 days, range 2-23 days) formed the cohort for analysis.
Preoperative factors
The preoperative factors are shown in Table 1 . There was no difference in preoperative factors in patients who underwent IE versus those who did not undergo IE. Although there was no significant difference in the rate of IE between patients with and without preoperative ventilator support, neither of the 2 patients who needed preoperative ventilator assistance on the day of surgery had IE. One patient with an intact ventricular septum needed extracorporeal membrane oxygenator (ECMO) support preoperatively. This patient was stabilized after balloon atrial septostomy; ECMO was discontinued and extubated before the surgery. Postoperatively, this patient underwent IE. Another patient with intact ventricular septum presented preoperatively with severe desaturations and seizures. This patient was intubated but was stabilized subsequently and extubated. This patient continued to have feeding difficulties preoperatively. Although this patient had IE, he needed reintubation on postoperative day 1 for aspiration after feeding was started. This patient subsequently needed gastrostomy tube placement. One patient who had VSD was intubated preoperatively for meconium aspiration. This patient was extubated before surgery, as the lung function improved. This patient also had IE and was discharged from the ICU on the first postoperative day.
Anatomical factors
Ventricular septal defect (VSD). Among the 15 patients with VSD, 1 had aortic arch hypoplasia and branch pulmonary artery hypoplasia that needed surgical intervention, and 3 were double outlet right ventricles (DORV). In the remaining 11 transposition of great arteries patients with VSD, after excluding those with DORV and aortic arch obstruction, 6 were (55%) extubated in the OR. The IE rates between patients with and without VSD did not reach statistical significance (P = 0.15); this difference in rates narrowed further when patients with DORV and aortic arch obstruction were excluded (P-value = 0.44, Table 2 ).
Coronary anatomy. Although there was no significant difference in the IE rates between patients with usual coronary anatomy (1AD, CX; 2R) and other configurations, the number of patients having unusual configurations were relatively low to have a statistical assessment of the effect of individual coronary configurations. Among the 2 patients (6%) who had a single coronary (2R; AD, CX) artery, the one with single coronary artery and a VSD was extubated in the OR. However, this patient had to be re-intubated in the first 24 h for respiratory insufficiency and was subsequently extubated the next day. The second patient with single coronary artery had intact ventricular septum and was extubated on postoperative day 5 ( Table 3) . 
Intraoperative factors
Patients who had CPB time >173 min, T min < _ 30.4 C and XC time >86 min were more likely to be left intubated at the end of the procedure. Although serum lactate levels were not significantly different between the IE and non-IE groups, PO 2 /FiO 2 ratios were significantly different.
Review of anaesthetic care. We reviewed the anaesthetic records of all patients aiming to delineate differences between anaesthetics that did and did not culminate in IE (Table 4) . Dosage for all medications, except morphine, was indexed to the patient's weight in kilograms and anaesthetic time in minutes. Since 
Outcome measures
These are outlined in Table 5 . There was a median increase in ICU length of stay (LOS) by one day (P = 0.02) in non-IE patients. The increase in ICU costs by 14% in non-IE patients did not reach statistical significance (P = 0.06). Although there was a 9-min increase in the median OR turnover time in the IE patients, this did not reach statistical significance (P = 0.09). Two patients (11%) who had IE were re-intubated in the first 24 h after extubation; 1 had increased work of breathing due to upper airway congestion and the second had diffuse atelectasis. Two patients (12%) who did not undergo IE were re-intubated in the first 24 h after extubation; both had pulmonary dysfunction secondary to atelectasis.
To assess the acute effects of IE on the circulatory system we assessed additional variables: (i) peak postoperative serum lactate level, (ii) time to lactate normalization defined as the duration of time from the end of CPB to the time when serum lactate level fell below 2 mmol/l, and (iii) duration of inotrope requirement, defined as time from the end of CPB to the time the last inotrope was discontinued. Peak serum lactate levels in the IE and non-IE groups were 2.9 [2.5, 
DISCUSSION
In this cohort of infants repaired with ASO, we observed significant differences in several intraoperative factors between the IE and non-IE groups. IE was associated with shorter postoperative ICU LOS. We also found that reintubation rates were not different between IE and non-IE groups.
Preoperative factors
None of the analysed preoperative factors were significantly different between the IE and non-IE groups. Mortality after ASO in patients who have had perinatal complications is shown to be significantly high [11] . Prenatal diagnosis has been associated with improved outcomes in this population. The duration of postoperative mechanical ventilation has been correlated with the need for preoperative ventilator support and inotropes [12] . Although 25 of the 32 patients needed ventilator assistance for a varying number of preoperative days, 23 had been extubated prior to the ASO. None of the patients was on preoperative inotropes on the day of surgery.
GA is a significant predictor of mortality after neonatal cardiac surgeries [13] , especially ASO [14] . GA has also been demonstrated to be an independent predictor of early extubation in children undergoing open-heart surgery [15] . We believe that the lack of difference in GA between IE and non-IE groups was because of its relatively narrow distribution in our cohort.
Anatomical factors
Although there was no significant difference in the IE rates between 1AD, CX; 2R and other coronary configurations, the number of patients with unusual coronary anatomy was relatively low to enable meaningful statistical assessment of an association with each configuration. Abnormal coronary anatomy was thought to be a major factor affecting immediate term mortality and morbidity associated with ASO [4, 5, 14, [16] [17] [18] . A decline in the impact of abnormal coronary anatomy on perioperative mortality has been observed over the years [4, 16, 17] . In a meta-analysis involving 1942 patients who underwent ASO among the coronary patterns, the intramural coronary artery was found to be associated with the highest mortality [4] . The only patient in this series with the intramural course of LAD was extubated 13 h after surgery. Single coronary artery has also been associated with increased morbidity [18] , mortality [4] and perioperative costs [19] after ASO. Although one of the patients with single coronary artery had IE, this patient was re-intubated in the first 24 h for respiratory insufficiency. The second patient was extubated 5 days after surgery.
Extubation time was not significantly different between patients with and without VSD. This is in line with observations previously made concerning the association of mortality with the presence of VSD [3, 14] . Although DORV is known to be associated with varying degrees of right ventricle (RV) hypoplasia, and complex coronary anatomy, none of our 3 DORV patients had significant RV hypoplasia and all were extubated within 24 h after the surgery and had stable haemodynamics. Surgical intervention for aortic arch and left ventricular outflow tract obstruction in transposition of great arteries has been associated with increased morbidity and mortality [18] [19] [20] . In our cohort, the only patient who underwent aortic arch augmentation along with ASO was extubated 13 h after the procedure.
Intraoperative factors
Lower CPB time and XC time was found to be associated with IE. CPB time, XC time and circulatory arrest time have been demonstrated to be independent predictors of ICU LOS after paediatric open heart surgery in general [17] and also in patients undergoing surgery for complex transposition of great arteries [20] . CPB time has been demonstrated to be one of the predictors of non-infectious pulmonary complications and extubation time after paediatric cardiac surgery [21] . In neonates undergoing ASO, longer CPB time has been associated with mortality [12, 14] .
There was a significant difference in IE rate between patients who had T min below and above 30.4 C. The ideal temperature for congenital cardiac surgery is controversial. While hypothermia has the advantage of having the ability to reduce the metabolic rate and afford some protection from hypoperfusion, the benefit could be suboptimal if it impairs autoregulation and alters tissue metabolism. Temperatures closer to normothermia on CPB has been associated with lesser blood and platelet transfusion requirements [22] , improved respiratory parameters in the immediate post-CPB period, and shorter intubation times [23] . Our practice has been to maintain mildly hypothermic temperatures on CPB. The correlation between CPB and XC (r = 0.94), CPB and T min (r = -0.71) and XC and T min (r = -0.63) suggests that the effect of these factors on IE in our cohort may not have been independent of each other.
The increased circulatory volume and alteration in hepatic blood flow associated with CPB complicates pharmacokinetics of anaesthetics on CPB. CPB will decrease total blood concentrations of IV anaesthetics, and alter the protein binding of drugs. Metabolism of many anaesthetics will be altered by a change in hepatic blood flow. Our reliance on volatile anaesthetics for anaesthetic management on CPB and off CPB was probably helpful in overcoming this dosing dilemma associated with intravenous agents.
Median postoperative ICU stay was 33.3% higher in non-IE patients. This observation is consistent with our previous study that demonstrated a 26% increase in postoperative ICU charges and 53% increase in postoperative ICU stay when neonates undergoing open-heart surgery did not undergo IE [9] . Twenty-one of the 32 patients are part of the previously published study.
Strengths and limitations
The inclusion of a relatively homogenous cohort representing ASOs over a period of 5 years, with similar preoperative and intraoperative management strategies, is a major strength of this investigation. However, the retrospective design, and the relatively small patient cohort and data collected from a single centre may limit the generalizability of the findings. Although ours is a relatively homogenous group, the confounding factors could not be addressed in the analysis of outcomes, due to the small cohort size. Finally, the anaesthesiologists did not follow a standardized protocol for anaesthetic management.
CONCLUSION
IE can be safely accomplished in neonates undergoing ASO. This may potentially decrease postoperative ICU stay without causing a significant impact on OR turnover. Intraoperative factors were significantly associated with IE. A prospective multicentre study involving a larger patient number to identify all factors associated with IE in this population is needed.
